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Provides Stability when Tension
RisesBy beautiful imaging and state-of-the-art experiments, vinculin is established
to be a central switch in mechanotransduction at integrin-based focal
adhesions. Cycles of tension-regulated vinculin switching control focal
adhesion dynamics and signaling to enable polarized cell migration and
alignment.Emma Spanjaard and Johan de Rooij
The extracellular environment and
its biophysical properties control
fundamental cellular processes during
tissue development and homeostasis.
The extracellular matrix (ECM) is
connected to the intracellular
actomyosin cytoskeleton through
large integrin-based multi-protein
complexes called focal adhesions.
Cytoskeletal contraction and ECM
stiffness or deformations produce
tension across these focal adhesions,
which respond by growing when
tension rises or by disassembling
when tension drops. Conversely,
focal adhesions induce signaling by
the Rho-family small GTPases to
control actomyosin organization
and contraction, thus creating
a feedback cycle between cytoskeletal
tension and integrin–ECM adhesion.
Controlling focal adhesion dynamics
and signaling is essential for proper
cell migration. Thus, focal adhesions
are mechanosensitive structures
that transduce physical cues from
the environment into cellular
behavior [1].
One of the proteins with a key
involvement in the mechanical
regulation of focal adhesions isvinculin. Vinculin’s presence at
adhesion complexes is force
dependent [2] and loss of vinculin leads
to a reduction in adhesion-dependent
cytoskeletal stiffening [3]. Vinculin
has a similar function in
cadherin-dependent cell–cell junctions
[4]. A common model proposes that
forces expose vinculin-binding sites
in upstream proteins — a-catenin in
cadherin junctions [5] and talin in
integrin adhesions [6]. Thus, vinculin
is the common effector of several
mechanosensitive systems. Vinculin
itself, however, has proven a hard nut
to crack: it is essentially a closed ball
when purified in vitro [7] and
mechanisms of conformational
regulation to sustain its interactions
and functions in cells are not well
understood. Also, the downstream
molecular events driven by vinculin in
cells are still unknown and, with that, its
precise role in mechanotransduction
has remained unclear. In this issue of
Current Biology, Carisey et al. [8] now
provide new insights into both
regulation and downstream
functionality that argue that vinculin
is a central, tension-regulated
switch and master regulator of
mechanically controlled focal
adhesion dynamics.Vinculin is a bipolar protein with
a head domain that binds talin, the
integrin activator and integrin–F-actin
linker protein, and a tail domain that
binds to F-actin. A high-affinity
interaction between its head and tail
domains, however, prevents isolated
interactions with either the head or the
tail from taking place [9]. It is likely that
this intramolecular interaction is
tunable to ‘activate’ vinculin and allow
its presence and function in focal
adhesions. Carisey et al. [8] have used
a set of mutations to tune vinculin’s
activity and regulation in a controlled
manner: a point mutant that affects the
head–tail interaction (Vinc-T12)
produces constitutively active vinculin
[10]; a deletion mutant (Vinc-880) that
lacks the tail domain produces active
vinculin that is uncoupled from actin
[11]; and a minimal fragment of vinculin
capable only of binding talin (Vinc-258)
uncouples talin binding from any other
effects of vinculin. These constructs
are dominant over endogenous vinculin
in cells. Previously, the Ballestrem lab
had shown that expression of these
constructs leads to a strong
stabilization of focal adhesions and
hypothesized that this was due to the
uncoupling of focal adhesions from
their normal regulation by actomyosin
[11]. Here this hypothesis is proven, by
a set of beautiful imaging experiments
(watch the supplemental movies!),
which show that active vinculin
constructs protect a subset of focal
adhesion proteins from disassembly,
even when actomyosin structure or
contractility is disrupted by drugs.
Inactivation of vinculin is needed
for the release of these proteins
and the full disassembly of focal
adhesions in response to decreased
tension (Figure 1).
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Figure 1. Vinculin is a tension-regulated switch in focal adhesion dynamics.
Following initial formation of tension-independent focal complexes, integrin adhesion
complexes develop into actomyosin-contacted focal adhesions. As tension increases, vinculin
recruitment is enhanced and vinculin switches to an active state. The direct result of this is
a stabilization of integrin activity, increased adhesive strength of the focal adhesion, and the
stabilization of a subset of focal adhesion proteins. Signaling proteins within this subset
may drive downstream intracellular processes. Focal adhesions are now static with respect
to the ECM substrate, underscoring their tight adhesion. When tension is released, vinculin
switches back to an inactive state allowing release of focal adhesion proteins and disassembly
or mobility of focal adhesions. Thus, cycles of tension-dependent, on–off switching of vinculin
control focal adhesion dynamics and signaling during cell migration.
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the basal stabilized subset of
focal adhesion proteins because
wild-type vinculin, coexpressed
with active mutants, still disappeared
from stabilized focal adhesions
when actomyosin was disrupted
(compellingly shown in supplemental
video 3). Experiments using
fluorescence recovery after
photobleaching (FRAP) show that
incorporation of wild-type vinculin into
focal adhesions is tension dependent,
whereas incorporation of Vinc-880
is insensitive to inhibition of myosin.
Together, this leads to the conclusion
that it is tension on vinculin itself
that controls its association with and
dissociation from focal adhesions. This
corroborates recent findings, using
a tension-measuring fluorescence
resonance energy transfer (FRET)
probe inserted in vinculin, that showed
that vinculin is under increased tension
in growing and stable focal adhesions
[12]. One chicken-and-egg question
that remains unanswered is how
tension across vinculin can drive its
association with focal adhesions,
whereas for tension to be applied
vinculin needs to already be
incorporated in focal adhesions.
Most likely, a combination between
the ‘old’ mechanism of talin stretching
and this ‘new’ mechanism is needed
to fully explain the tension-basedregulation of vinculin’s association
with focal adhesions.
The next question the authors
tackle pertains to the downstream
molecular events that may explain
the stabilization of focal adhesions
and their inhabitants by vinculin.
For this, they used single-cell force
spectroscopy experiments that
separate adhesive strength based
purely on integrin activity fromadhesive
strength involving a contribution by
actomyosin remodeling and cell
spreading induced by ‘outside-in’
integrin signaling. Cells expressing
active vinculin constructs displayed
increased adhesive strength in
this assay and this was corroborated
by increased staining with
activation-state-specific antibodies in
these cells. The most likely molecular
explanation is that vinculin binding
to talin stabilizes the talin–integrin
complex, locking integrins in an active
conformation [13]. Increased stability of
talin in active vinculin-containing focal
adhesionshad indeedbeenobserved in
previous imaging experiments [10]. The
full details of this certainly need further
experimentation, but the authors now
arrive at a sequential model in which
tension-activated vinculin stabilizes the
talin–integrin complex, which leads to
enforcement of integrin adhesion and
stabilization of integrin-proximal
proteins of the focal adhesion.Testing the importance of this
mechanotransduction pathway in cell
behavior, the authors find that its
perturbation by active vinculin
disrupts persistent migration of
melanoma cells. Close-up analysis
revealed a failure to break symmetry in
lamellipodial protrusions concomitant
with high Rac activity along the entire
cell periphery. Following the authors’
speculation, entrapment of the
focal-adhesion-associated Rac
exchange factors, such as b-Pix [14],
may cause such aberrant signaling.
It will be interesting to understand
how this relates to a contrasting
observation by the Waterman lab
showing a reduction of the level
of b-Pix as well as Rac activation in
tensile focal adhesions [15], which
according to the Carisey data should
have high vinculin activity and paxillin
stability.
A known force-dependent effect on
focal adhesions themselves is their
alignment in response to prolonged
unidirectional tension. The authors
managed to film this process by
applying cycles of stretch to cells
grown on an elastic surface, which is
a significant accomplishment in
itself, and analyzed focal adhesion
behavior by custom image analysis
software. This analysis revealed
that a subset of focal adhesions
re-orients to align perpendicular to
the stretch axis without dissolving
and that this alignment was dependent
on the presence of full-length vinculin.
Thus, tension transduction across
vinculin is essential for focal adhesion
reorientation. In contrast to cell
polarization, inactivation of vinculin
and focal adhesion destabilization
were not essential, because focal
adhesions containing Vinc-T12
(which cannot be inactivated) showed
robust re-alignment. It is
counterintuitive that focal adhesions
can change shape and direction
without a reduction in stability of their
basal components. Clearly with these
techniques that push the boundaries
of the current state-of-the-art
methodology, the authors also reach
the limits of our understanding of the
focal adhesion (watch supplemental
movie S7 to form your own opinion
about the focal adhesion re-orientation
process, which is not often captured
this beautifully).
In conclusion, Carisey and
colleagues have extended our
knowledge about vinculin’s regulation
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R161and function in several directions.
This work pulls vinculin into a
central position in the model
of mechanotransduction at sites
of adhesion. Tension-dependent
switching of vinculin is a master step
in the stabilization or destabilization of
focal adhesions, and cycles of vinculin
switching determine focal adhesion
dynamics during cell migration.
It will be important to investigate
whether vinculin functions similarly
at cadherin-based junctions. This
mechanism may also function at
sub-focal adhesion scales because
recent work by the Waterman lab
indicates that tension varies even
within focal adhesions [16] and work
by the Geiger lab has shown that
vinculin and paxillin stability are
increased in the distal parts of focal
adhesions that Waterman identified
as high-tension regions [17].
With the current high standards
of imaging and biophysical
experimentation we are coming close
to understanding focal adhesions
and their mechanotransduction at
the molecular level. The implications
of all of this for development and
disease, however, remain somewhat
obscure. It is clear that there are
consequences for cell migration,
but mechanical properties of the
ECM also regulate morphogenesis
and differentiation in development [18]
and proliferation and de-differentiation
in tumor progression [19,20]. It will be
interesting to use the acquired
molecular knowledge to assess the
importance of vinculin-dependent
mechanotransduction in these
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http://dx.doi.org/10.1016/j.cub.2013.01.020Motivated Action: New Light on
Prefrontal-Neuromodulatory CircuitsA new study has used optogenetic methods to stimulate prefrontal-brainstem
neuromodulatory pathways while animals face environmental stressors, the
results providing further compelling evidence that prefrontal control of
neuromodulatory function can have a dramatic effect on motivated behavior.Amitai Shenhav1
and Matthew M. Botvinick1
For many years, research on prefrontal
cortex was characterized by a focuson ‘cold’ rule-driven behaviors. More
recently, prefrontal cortex research has
been heating up, attending increasingly
to issues involving motivation and
reward. Numerous regions withinprefrontal cortex — alongside
subcortical structures more
classically associated with affect
and motivation — are now considered
to be critical for linking motivation
to behavior. Still more recently, there
has been a trend toward better
understanding how this link arises
from interactions within and across
cortical-subcortical circuits [1,2]. A
new paper by Warden et al. [3] is an
important advance in this direction.
Through a combination of innovative
techniques, Warden et al. [3] were
able to explore how medial prefrontal
